nition of the range of normal fallopian tube cytology should help to minimize false-positive interpretations of cytology specimens obtained in association with risk-reducing salpingo-oophorectomies.
Introduction
Ovarian cancer is regarded as one of the leading causes of cancer death among women, with nearly 21,990 new cases and 15,640 deaths reported in 2011 [1] . High-grade serous carcinoma is the most common cause of death attributed to ovarian epithelial malignancies. The majority of patients with high-grade serous pelvic carcinoma present with advanced stage disease, and approximately 70% of patients will die from disease progression despite aggressive surgical cytoreduction and chemotherapeutic regimens [2, 3] .
A number of pelvic serous carcinomas initially appear to be extra-uterine/adnexal in origin with the ovaries normal or minimally involved, and such neoplasms have often been classified as primary peritoneal carcinomas [4, 5] . Primary serous adenocarcinoma of the fallopian tube has long been regarded as a very rare female genital tract neoplasm; however, in light of new criteria for the diagnosis of primary fallopian tube adenocarcinoma, it is now believed that many fallopian tube carcinomas have in the past been misclassified as ovarian or peritoneal carcinomas [6] . More recent understanding of the histopatho-logic, molecular and genetic alterations of pelvic serous neoplasms indicates that many of the tumors previously classified as high-grade serous carcinoma of the ovary or peritoneum have originated from the fimbriated epithelium of the fallopian tube [7] [8] [9] [10] . Within this new paradigm, many now favor use of the new term pelvic serous carcinoma, defined broadly as tumors of serous histology arising in the ovary, fallopian tube or peritoneum [11] .
There have been three main theories regarding the origin of pelvic serous carcinomas: (1) origin from ovarian surface epithelium or Mullerian inclusions; (2) origin from Mullerian epithelium elsewhere in the peritoneal cavity, and (3) origin from fallopian tube epithelium [12] . In recent years, after the association between tubal intraepithelial carcinoma and pelvic serous carcinoma was described, increasing attention has turned to the fallopian tube as the most likely site of origin [7, 8, 13] .
Several attempts to facilitate early detection of ovarian cancer have so far failed to develop a screening approach that is sensitive and specific enough for use in the general population [14] . With shifting of the carcinogenesis paradigm from an ovarian to a fallopian tube origin, several authorities have now suggested that the fallopian tube should be considered the primary focus of attention in screening efforts seeking to promote early detection of high-grade pelvic serous carcinomas [13] .
Here we describe the cytomorphologic features of 15 brush cytology specimens obtained directly from the fallopian tube during a prospective study of a new fallopian tube brush sampling technique for possible future use in screening for high-grade pelvic serous carcinomas.
Methods
After approval by the University of Pittsburgh Institutional Review Board, patients were recruited from the Minimally Invasive Gynecologic Surgery Division at Magee-Womens Hospital of the University of Pittsburgh Medical Center. Medical records were reviewed for demographic, clinical and operative information.
Inclusion Criteria
Women aged 18-80 years undergoing laparoscopic total or subtotal (supracervical) hysterectomy with or without concurrent adnexal surgery were included in the study.
Exclusion Criteria
The following represents the exclusion criteria: history of prior tubal pathology or surgery including pelvic inflammatory disease, gonorrhea, chlamydia, tubal ectopic pregnancy and prior tubal ligation, history of gynecologic malignancy, BRCA1 or BRCA2 mutation, pregnancy, and history of endometrial ablation or uterus greater than 12.0 cm.
Method of Collection
Samples were initially collected hysteroscopically, attempting to reach the fimbriated end of the fallopian tube; however, it was determined that the brush could reach only approximately 3.0 cm into the proximal end of each fallopian tube. Since the goal was to reach the fimbriated end of the fallopian tube, the surgical procedure protocol was modified and brushing of the fimbriated ends of the fallopian tubes was subsequently performed by laparoscopic introduction of the endoscopic cytology brushes into the fimbriated epithelium under direct laparoscopic visualization. A 3.2-French brush was utilized for hysteroscopic sampling and a 5.0-French brush for laparoscopic sampling. Both cytology brushes have a sterile protective sheath, allowing the brush to be retracted and protected while the catheter is introduced into the fallopian tube as well as after collection, thereby avoiding or limiting tissue contamination.
Sampling Process
The brush cytology specimens were submitted in ThinPrep Pap test vials. ThinPrep slides were prepared according to the manufacturer's specifications for PreservCyt samples using an automated processor (ThinPrep 3000, Hologic, Marlborough, Mass, USA). Staining of slides was performed on a Sakura Tissue-Tek Automated Slide Stainer (Sakura Finteck USA Inc., Torrance, Calif., USA). A cell block was prepared from residual ThinPrep Pap test vial fluid on all specimens. Hematoxylin and eosin (HE)-stained cell block slides were prepared. When the cell block slides contained appreciable fallopian tube epithelium, immunohistochemical stains for P53 protein (Ventana Medical System) and Ki-67 (Ventana Medical System) were also prepared. Companion histopathologic salpingectomy specimens were also reviewed for comparison, when available.
Results

Patients
Seven patients (median age 44 years, age range 39-69 years) were selected. A total of 15 specimens from 7 patients were submitted for cytologic examination. One of the patients had a specimen collected from only one fallopian tube. Another patient had 4 specimens collected, 2 by laparoscopy and 2 hysteroscopically. Cell blocks were prepared on all patient specimens; however, residual fallopian tube epithelial cells were identified in cell blocks of only 2 out of 7 patients (4 specimens). Three patients had histopathologic examinations of salpingectomy specimens, and in all three the histopathologic findings were benign and unremarkable. Clinical follow-up has been benign in all cases.
Method of Collection
Ten specimens were collected laparoscopically, four samples were collected hysteroscopically and one sample was collected after hysterosalpingo-oophorectomy.
Cellularity
All specimens were judged as satisfactory for interpretation; however, two had low cellularity, both obtained from the same fallopian tube (one specimen obtained by hysteroscopy, the other by laparoscopy). The remainder of the specimens had moderate-to-high cellularity (n = 13). Tables 1 and 2 summarize the cytomorphologic findings, and selected findings are illustrated in figures 1 and 2 .
Background
The background was clean in 4 samples. Ten samples had granular background material, two of which had associated red blood cells. One case had only red blood cells in an otherwise clean background.
Artifact
Moderate crush artifact was present in 6 specimens; four of them were obtained hysteroscopically and two laparoscopically. The remainder did not have significant crush artifact.
Architecture
The cells were distributed in clusters and single cells in 11 samples, two of which had an abundant single cell population. In three samples the cells were almost exclusively distributed in clusters. The clusters had moderate nuclear overlap in 14 specimens. Absent-to-mild nuclear overlap was noted in 1 case.
Cytoplasmic Features
On eight specimens columnar cytoplasmic configurations were identified. Columnar cell configurations were not evident on seven specimens. Cilia were easily identified in all cases.
Nuclear Features
Nuclear pleomorphism and anisonucleosis were moderate in 13 samples and mild in 2 samples. Nuclear membrane irregularities were mild in 9 samples and moderate in 6. There was a mixture of round, oval and spindled nuclei in 9 samples, a mixture of round and oval nuclei in 3, round and spindled nuclei in 1, oval and spindle nuclei in 1, and in another sample nuclei were predominantly spindled. The majority of the samples had a mixed population of cells with single prominent nucleoli and multiple nucleoli. In 5 samples there was also a population of cells with inconspicuous nucleoli in addition to a population with single and multiple nucleoli. Nuclear grooves were easily identified in 11 samples. Nuclei had mixed chromatin features, both hyperchromatic Nuclear membrane irregularities moderate (n = 6) mild/none (n = 9) and hypochromatic, in 8 samples. Chromatin was predominantly hypochromatic in 5 samples and predominantly hyperchromatic in 2 samples. Table 2 shows a summary of nuclear features. Figure 3 illustrates nuclear features from selected samples.
Presence of Mitotic Figures
Mitoses were absent in all samples (n = 15).
Cell Block Immunocytochemical Studies
Residual fallopian tube epithelial cells were identified in cell blocks in four specimens from 2 patients, two collected by laparoscopy and two hysteroscopically. The cell blocks had similar morphologic features as the cytology samples. There were no consistent differences in the cytologic features of the specimens collected by laparoscopy or hysteroscopy. Immunocytochemical studies for P53 and Ki-67 were negative on all four tested cell block samples.
Cytologic Interpretations
All cytologic preparations were interpreted as benign, although the presence of nuclear overlapping, crowding and nucleoli were initially regarded as benign atypia. With additional experience, these findings were increasingly recognized as within the spectrum of normal brush cytologic findings from the fallopian tube.
Discussion
In 1954, Papanicolaou [15] wrote regarding the exfoliative cytology of the fallopian tube: 'The cytology of desquamated epithelial cells of the fallopian tube is practically unknown.' Several decades later we are still challenged by limited documentation of the range of morphologic features of fallopian tube epithelium. Although cytopathologic specimens from the fallopian tube have not in the past been routinely obtained, the cytomorphologic features of epithelial cells of the fallopian tube obtained after salpingectomy by aspiration were described in some detail by Dudkiewicz [16, 17] . The stated goal of that study was to describe the cytomorphology of the fallopian tube in order to better recognize the range of cytologic findings and to avoid misinterpretation of occasional fallopian tube cells found in routine Pap smears. As many as nine separate classes of cells and cellular material were put forward, and the author concluded that exfoliative cytology of the tubal epithelium is difficult and complex and further challenged by both menstrual cycle-associated variation and cellular degeneration. The main fallopian tube cell types described were: (1) cylindrical 'secretory cells' having large eccentric or central nuclei with 2-4 nucleoli and foamy granular cytoplasm; (2) 'ciliary cells' with cilia-covered apex and round-to-oval central nuclei with two to three nucleoli, and (3) 'peg cells', described as conical cells with very scant cytoplasm and dark, almost bare nuclei and one or two nucleoli. Another unusual and less common cell type described was that of 'cells of snakelike shape', elongated tadpole-like cells.
Cytologic scrape samples of the fallopian tube have also been described [18] . In these specimens, fallopian tube epithelial cells may be distributed in sheets, strips of cells, or as single cells method are described as having evenly placed nuclei and only mild variation in size [18] . Touch imprint cytologic preparations from the fallopian tube have also been briefly described as a possible cost-effective alternative to routine histopathologic evaluation for laboratory confirmation of tubal sterilization specimens in developing countries [19] . Limited available published photomicrographs document clusters of fallopian tube epithelial cells as well as both ciliated and nonciliated small groups of columnar cells. Although the diagnosis of fallopian tube carcinoma in cytology samples has been uncommon in the past, examples are well described in the literature. The first individual documented to have specifically suggested a diagnosis of fallopian tube carcinoma on a Pap smear was J. Ernst Ayre, inventor of the Ayre spatula [20] . The cells of fallopian tube carcinoma have been classically described as exfoliating in papillary clusters within a clean background. The cells are of medium size, with high nuclearto-cytoplasmic ratios, irregular nuclei with abnormal chromatin and prominent nucleoli [20] [21] [22] . The cytoplasm is dense, but frequently vacuolated. Occult primary fallopian tube high-grade serous carcinoma has also been described based on pelvic washing cytology [23] . Cells are highly atypical with a high nuclear-to-cytoplasmic ratio, coarse chromatin and prominent nucleoli.
Cytologic sampling of the fallopian tube using brush techniques has previously been reported in the diagnosis of nonmalignant fallopian tube diseases associated with infertility. The fallopian tube cytobrush has been described as a useful tool for obtaining culture material to support diagnosis of Chlamydia salpingitis [24, 25] . Matsushima et al. [26] reported a wash method of fallopian tube cell collection to support cytologic diagnosis of endometriosis. None of these studies described the cytomorphologic features of brush cytology of background Normal background fallopian tube cytology was not described.
In our current study, we describe cytologic findings in 15 fallopian tube brush cytology specimens from patients selected with no known risk factors for tubal pathology and no history of malignancy. The most challenging cytologic features were nuclear pleomorphism and presence of prominent nucleoli and multiple nucleoli in all cases. Prominent nucleoli and multiple nucleoli were described in Dudkiewicz's [16] studies of tubal cytology specimens immediately fixed in 95% alcohol after aspiration from freshly resected salpingectomy specimens. Photomicrographs in these publications also show mildto-moderate nuclear size and shape variation, suggesting that these features may be best seen in specimens undergoing immediate wet fixation. These features appear less prominent in limited available published photomicrographs of scrape cytology specimens stained with Papanicolaou or Diff-Quik stains [18] , or of Papanicolaoustained touch imprint specimens prepared from tubectomy and hysterectomy specimens [19] . The presence of single cells admixed with clusters was noted in 11 samples. The presence of single cells was also described in Dudkiewicz's aspiration samples [16] , but not in scrape or touch imprint samples [18] . Although in scrape cytology specimens some nuclear overlap is noted in available photomicrographs, in our samples this finding was more pronounced in almost all cases. Another distinctive finding in our samples was the presence of granular cytoplasmic artifact in the majority of our samples, raising the cytologic differential of necrosis. We now believe these changes are the result of cytoplasmic rupture associated with the brushing procedure, since it can also be seen around bare nuclei and was especially abundant in the samples collected after salpingectomy, where the brushing was more vigorous.
The presence of easily identifiable cilia and the absence of mitotic figures in all our samples were reassuring features that supported a benign interpretation of the cellular changes, despite nuclear pleomorphism, nuclear overlap and granular background. The 'snake-like cells' described by Dudkiewicz were not seen in our samples. The samples were interpreted most often as atypical -favor benign reactive changes. As the study progressed, our increased familiarity with the cytomorphology of the samples, negative P53 and Ki-67 immunocytochemical findings on available cell block specimens, and comparison with available companion benign surgical pathology specimens led us to conclude that the described changes are part of the normal spectrum of fallopian tube epithelium obtained by our brush methodology with immediate fixation in liquid-based cytology vials.
Patients with BRCA1 or BRCA2 mutations undergoing risk-reducing salpingo-oophorectomies have been described with abnormal (atypical, suspicious and malignant) peritoneal cytology interpretations and normal tubal histopathology [28, 29] . Although follow-up of these cases is limited, the absence of any documented neoplastic recurrences should underscore the challenge of accurate cytologic interpretation. Similar challenges have been noted in the cytologic interpretation of endosalpingiosis in peritoneal washing specimens [30] . To the best of our knowledge, no reports to date document the cytomorphology of direct fallopian tube cytologic sampling of proposed precursor fallopian tube lesions, including tubal intraepithelial carcinoma, P53 signature, secretory outgrowths [31] or papillary tubal hyperplasia [32] .
In this preliminary study of prospectively collected cytologic samples of the fallopian tube we describe cytologic characteristics that comprise a broad spectrum of benign cellular changes in the fallopian tube. To date, published descriptions of cytologic specimens obtained directly from the fallopian tube remain very limited. Such specimens are likely to become more common, given the new paradigm of serous carcinoma which focuses on the fallopian tube as the major anatomical site of origin [33] . It is important for cytopathologists who may become involved in the examination of these samples, specifically brush specimens, to gain experience and familiarity with the range of normal cytologic findings encountered in benign fallopian tube cytology specimens.
